Metal oxyfluoride compounds are gathering significant interest as cathode materials for lithium ion batteries at the moment, due to their high theoretical capacity and resulting high energy density. In this regard, a new and direct approach is presented to synthesize vanadium oxyfluorides (VO 2 F), which is phase pure. The structure of VO 2 F was identified by Rietveld refinement of the powder XRD pattern. It crystallizes in perovskite type structure with a disorder of oxide and fluoride ions. The as synthesized VO 2 F was tested as a cathode material for lithium batteries after being surface coated with a few layer graphene. The VO 2 F delivered a first discharge capacity of 254 mAh g -1 and a reversible capacity of 208 mAh g -1 at a rate of C/20 for the first 20 cycles with an average discharge voltage of 2.84 V, yielding an energy density of 591 Wh kg -1 . Improved rate capability, which outperforms the previous report, has been achieved showing discharge capacity of 150 mAhg -1 for 1 C. The structural changes during lithium insertion and extraction were monitored by ex-situ XRD analysis of the electrodes discharged and charged to various stages. Lithium insertion results in irreversible structural change of the anion lattice from ¾ cubic close packing to a hexagonal close packing to accommodate the inserted lithium ions, but keeping the overall space-group symmetry. For the first time we revealed a structural change for the ReO 3 type structure of as-prepared VO 2 F to a RhF 3 structure after lithiation /delithiation, with structural changes that have not yet been observed in previous reports. Furthermore, the new synthetic approach described here would be a platform for the synthesis of new oxyfluoride compounds.
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Introduction
In order to meet the various requirements for current and future developments of lithium ion batteries (LIBs), performance improvements are necessary and the exploitation of novel types of electrode materials with high energy density is therefore mandatory. [1] [2] [3] The voltage, and energy density related thereto, of LIBs is directly linked to the electronic and the crystal structure, which is reflected in the bonding properties. In this context, metal oxides have attracted the most attention due to their versatile and rich redox chemistry, which is governed by the bonding nature of the metal to ligand (oxygen) bond (M-O bond). [4] [5] [6] [7] [8] An appealing alternative are metal fluorides, in which the strong ionic character of the M -F bond offers the possibility of getting high redox potentials. However, pure metal fluorides are insulating, and exhibit sluggish kinetics and low efficiency. 9 The tailoring of the electrochemistry by partially replacing the oxygen-ions (O 2-) by higher electronegative fluoride-ions (F -) are promising approaches for designing new electrode materials. 10 Mixed-anion materials like oxyfluorides represent a good compromise between the aforementioned chemistries and can lead to high redox potentials, lower polarization and good cyclic stability.
11-13
After the introduction of a new type of disordered rock salt type intercalation compounds 25 The obtained VO 2 F was milled with 20 wt. % few layer graphene (FLG).
Materials Characterization: Powder XRD data were collected on a STOE Stadi P diffractometer with Mo Kα1 (λ = 0.7093 Å) using Debye-Scherrer geometry. The powder samples were sealed in quartz capillary (0.5mm in diameter) under an argon atmosphere. The scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS) were carried out using the instrument LEO GEMINI 1550 VP equipped with Silicon Drift Detector (OXFORD Instruments).
Transmission electron microscopy (TEM) characterization of the nanocomposite was carried out using an aberration corrected FEI Titan 80-300 operated at 300 kV equipped with a Gatan imaging filter (Tridiem 863). For (S)-TEM measurements, samples were prepared by dispersing a small amount of powder directly onto holey carbon Au grids (Quantifoil GmbH).
EDX-EELS Elemental mapping of the sample was performed in the scanning transmission electron microscopy mode (STEM-HAADF) with drift correction.
Electrochemical Measurement: Electrochemical tests were carried out in Swagelok-type cell versus lithium. Electrode slurries were made of 90 wt% composite and 10 wt% polyviniylidene difluoride (PVDF) binder with N-methyl-2-pyrrolidone (NMP) as solvent. 
Result and Discussion

Material Characterization
The synthesis methodology followed for vanadium oxyfluoride/few layer graphene (VO 2 F/FLG) nanocomposites includes two steps: i) synthesis of pure phase of VO 2 F by onestep mechano-chemical approach, (ii) surface coating of VO 2 F with a conductive few layer graphene. In the first step, the VO 2 F was synthesized by high-energy milling of appropriate stoichiometric amounts of V 2 O 5 and VOF 3 for 20h and the formation of the pure phase of VO 2 F was confirmed by powder X-ray diffraction (see the further discussion below). In the second step, few layer graphene coating on VO 2 F particles was carried out by milling approach and confirmed by transmission electron microscopy (see the discussion below). The final weight ratio of VO 2 F to FLG was 5:1 in the composite. It was observed that, as prepared The structure of VO 2 F was determined by powder X-ray diffraction (XRD). A single phase with ReO 3 related structure was detected without the presence of impurity phases. All the reflections could be indexed using a trigonally distorted ReO 3 type phase with space group R3c, which was confirmed using the Pawley method. The validity of this symmetry is clearly indicated and well supported by the appearance of the (1 1 3) R-3c superstructure reflection as well as the splitting pattern of the main reflections in comparison to the cubic aristotype structure with space group Pm-3m. This symmetry was also found for the high pressure modification of NbO 2 F. 26 Full structural analysis was then performed using a modified structural model of NbO 2 F 26 as starting model, refining the structural parameters. This resulted in an excellent fit of the pattern (see Figure 1) . The refined structural data and a drawing of the crystal structure is shown in Figure 1 . neutrons, making them also indistinguishable by means of powder diffraction. 28 No indication of ordering of those ions (e. g. by the appearance of additional superstructure reflections, further splitting of reflections or significant intensity misfit) was obtained. Disorder of oxide and fluoride ions is a well-known phenomenon observed for many perovskite-type transition metal oxyfluorides [29] [30] [31] [32] [33] [34] [35] which can be derived from a ccp stacking of AX 3 layers. In contrast, ordering of fluoride ions was found for many hexagonal type perovskite compounds [36] [37] [38] [39] .
Nevertheless, the structural distortion found for VO 2 In the CV, for the first cathodic process broad peaks were observed at ~ 2.7 V and ~ 2.15 V, which could be attributed to the Li + insertion into the crystal structure and the structural rearrangement. A broad anodic peak appears at 3.1 V, which can be assigned to the lithium deintercalation. When cycling continues the shape of the cyclic voltammetry curves change completely and CV curves tend to overlap, associated with a lower polarization. These After 50 cycles the test cell was disassembled and a color change was observed at the lithium side. Afterwards, the Li anode was analyzed by SEM with energy dispersive x-ray spectroscopy (EDS), the result is shown as Figure S2 (see supplementary information). The EDS and vanadium (K α ) elemental mapping confirmed the vanadium deposition at the anode side. Vanadium dissolution and deposition at the anode side can be one of the reasons for the capacity fading during the battery operation, which was found to occur also in other vanadium based oxides. 42 Suppression of the dissolution was partly achieved by both bulk doping [43] [44] [45] and surface coating methods [46] [47] [48] Figure 4d Peak marked with * comes from Al, which is used as current collector and § comes from the presence of a small amount of an unknown phase.
Ex-situ XRD patterns were collected on the discharged and charged electrodes in order to investigate the structural changes occurring during lithium insertion and extraction. Figure 5a shows the XRD patterns of the electrodes collected at different discharge and charge states as represented in Figure 5b as prepared discharged to 2.5 V, 2.1 V and recharged to 4.3 V.
Structural parameters obtained from Rietveld analysis of different products were summarized in Table 1 . First of all, it is important to note that the compound reported here shows a strong change of the lattice parameters after the first discharging. The lattice parameters of the initial state were not recovered for charging the compound back. This behavior is different compared to what was found by Pérez-Flores et al. 21 . As shown in Table 2 , the lattice parameters of their cell do not change to a very strong extent, and remain similar for discharged and charged state in comparison to as-prepared VO 2 F of our report (compare to Table 1 ). Therefore, it is important to derive a deeper understanding for the structural changes occurring in the VO 2 F compound reported here after discharging/charging. Upon lithium incorporation into the structure, anisotropic changes of cell metrics can be observed in the XRD. The a-axis decreased and the c-axis increased on charging compared to the as prepared compound. This change was accompanied by a strong shift in the position of oxygen ions.
The structural changes upon lithiation of VO 2 F were therefore similar compared to the lithiation of ReO 3 19 , which were shown in figure 6 and could be summarized as follows: the structure of VO 2 F can be understood in terms of distorted cubic perovskite structure (ABX 3 ) with an empty A-site sub lattice. For a pseudo cubic setting of the structure, the x coordinate of the anion site must equal to ½ and the length of the c-axis must be exactly equal to 6 0.5 * a ~ 2.45 * a. For pure VO 2 F, the structure is already distorted to some degree ( This shift of the oxygen ion results in a strong structural change, which has been described as a change from a ¾ cubic close packing (ReO 3 type structure) of anions to a hexagonal close packing of anions with 1/3 occupancy of the octahedral sites (RhF 3 type structure) 49 . The structural change results from the fact that basically no energetically favorable interstitial sites for Li cations would be available in the cubic ReO 3 perovskite related structure, which only possesses large 12-fold dodecahedrally coordinated sites to accommodate cations with similar sizes than the anions (e. g. alkaline earth cations). In the transition to a hcp structure (x(O 2-)  1/3), additional octahedrally coordinated sites at 1 / 3 , 2 / 3 , 0 were generated, and such sites were considered to be favorable to accommodate lithium ions. Although it is difficult to locate and quantify the amount of lithium ions by means of X-ray powder diffraction data, their presence on this site is indicated when applying the Fourier difference method. Most interesting, upon de-intercalation of the lithium ions the larger c/a ratio is maintained and the x-coordinate of the oxygen ions remains close to 1/3. In addition, although a significant change of cell volume is observed, parts of the lithium ions seem to remain in the structure (indicated by the larger mean V-O/F distance, i. e. reduced vanadium oxidation state). This agrees well with our observation of irreversible capacity loss in the first cycle and the change in the charge-discharge profile for the 2 nd cycle. Regarding the structural analysis reported here, the VO 2 F compound of this report prepared by reactive ball-milling shows a clearly different structural behavior than the compound reported by Pérez-Flores et al. 21 . This structural change from ¾ ccp to a hcp type structure could also be the reason for differences observed in the electrochemical performance. However, the origin for the structural differences in comparison to the previous report 21 remain unclear so far.
To check the effect of structural changes of the cathode electrode on cell impedance, EIS measurements were carried out at three different states of the cell: for the fresh cell, after first discharge to 2. The energy density plot of new VO 2 F/FLG cathode was compared with other cathode materials as shown in Figure 7 . For the VO 2 F, only the first 20 cycles have been taken into account. In relation to the well-known cathodes, the new VO 2 F compound is promising and offers a possibility to achieve higher energy densities. These properties, together with the possibility to handle the material in air can make it an interesting material for further study and optimization.
Conclusion
In summary, we have shown a new synthesis for the synthesis of phase pure R-3c trigonally distorted VO 2 F/FLG composite as cathode material and investigated the reversible lithium (de)intercalation at room temperature. A first discharge capacity of 253 mAh g -1 was achieved with a reversible capacity of around 201 mAh g -1 for the first 20 cycles. Compared to the previous report 21 an improved rate capability has been achieved. The structural relationship of the VO 2 F and its structural rearrangement upon lithium intercalation in relationship with the RhF 3 structure has been shown, and was evidently different compared to what has been observed by Pérez-Flores et al. 21 in their previous report. Upon electrochemical lithiation, the anion lattice is transforming irreversibly from a 3 / 4 cubic close packed to a hexagonal closed packed anion array. The structural rearrangement of VO 2 F upon lithiation appears to be beneficial, lowering the polarization and due to an upshift of the output voltage.VO 2 F competes well with the other cathode materials in terms of energy density. However, the cycling stability needs to be improved. Further studies are necessary to understand the change in the electrochemical profile and the capacity decay during the cycling.
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